Cell survival in a changing environment requires swift regulation of gene expression, including translational control of existing mRNAs 1 . Global translation is generally suppressed in response to most, if not all, types of cellular stress 2,3 . However, subsets of transcripts undergo selective translation to produce proteins that are vital for cell survival and stress recovery. One of the best-known examples is the heat-shock protein 70 (Hsp70), whose synthesis is upregulated in cells upon elevated temperatures or exposure to proteotoxic stress 4,5 . Although transcriptional regulation after heat shock is well characterized 6,7 , understanding of how efficient synthesis of HSPs persists when the translation machinery is generally compromised has remained elusive. It is commonly believed that the 5′ untranslated region (5′ UTR) of Hsp70 mRNA recruits the translational apparatus in a cap-independent manner [8] [9] [10] [11] . However, neither the specific translation-promoting features of Hsp70 mRNAs nor the regulatory mechanism of the translation machinery has been clearly defined. In particular, it is unknown whether specialized ribosomes are required for efficient Hsp70 synthesis under stress conditions.
a r t i c l e s
Cell survival in a changing environment requires swift regulation of gene expression, including translational control of existing mRNAs 1 . Global translation is generally suppressed in response to most, if not all, types of cellular stress 2,3 . However, subsets of transcripts undergo selective translation to produce proteins that are vital for cell survival and stress recovery. One of the best-known examples is the heat-shock protein 70 (Hsp70), whose synthesis is upregulated in cells upon elevated temperatures or exposure to proteotoxic stress 4, 5 . Although transcriptional regulation after heat shock is well characterized 6, 7 , understanding of how efficient synthesis of HSPs persists when the translation machinery is generally compromised has remained elusive. It is commonly believed that the 5′ untranslated region (5′ UTR) of Hsp70 mRNA recruits the translational apparatus in a cap-independent manner [8] [9] [10] [11] . However, neither the specific translation-promoting features of Hsp70 mRNAs nor the regulatory mechanism of the translation machinery has been clearly defined. In particular, it is unknown whether specialized ribosomes are required for efficient Hsp70 synthesis under stress conditions.
The ribosome is a large ribonucleoprotein complex composed of two subunits that associate upon the initiation of translation 12 . The small subunit decodes mRNA, and the large subunit catalyzes peptide-bond formation. In mammalian cells, there are two sets of ribosome particles, which reside in the cytoplasm and the mitochondria. Although ribosomal proteins (RPs) are all synthesized in the cytoplasm, they assemble into functional subunits in different subcellular compartments 13 . The mitochondrial RPs (MRPs) are encoded by nuclear genes, are synthesized in the cytosol and are then imported into mitochondria for assembly; they are responsible for translation of 13 mitochondrial mRNAs 14 . In contrast, cytosolic ribosomes are assembled within the nucleolus and are then exported into the cytoplasm for mRNA translation. Because of their distinct composition and cellular localization, there is believed to be little functional connection between mitochondrial and cytosolic ribosomes.
Here we set out to investigate whether specialized ribosomes are required in the cytosolic stress response. We report that MRPL18 bears a hidden CUG start codon downstream of the main initiation site. Stress conditions such as heat shock trigger CUG-initiated alternative translation, to generate a cytosolic isoform of MRPL18. We found that the cytosolic MRPL18 integrates into the 80S ribosome complex in a stress-dependent manner and facilitates synthesis of stress proteins such as Hsp70. Our results uncover a hitherto-uncharacterized stressadaptation mechanism in mammalian cells, which involves formation of a hybrid ribosome that promotes synthesis of stress proteins.
RESULTS

MRPL18 alternative translation produces a cytosolic isoform
We used our previously developed approach, global translation initiation sequencing (GTI-seq), which allows precise mapping of alternative translation initiation sites (TISs) across the entire transcriptome 15 . The transcript encoding MRPL18 bears several interesting features. First, MRPL18 shows three TISs, with the annotated start codon (aTIS) flanked by an upstream TIS (uTIS) and a downstream TIS (dTIS) (Fig. 1a) . Whereas the uTIS codon is an AUG, the dTIS uses CUG as the initiator. Intriguingly, the CUG initiator is located immediately after the predicted mitochondrial targeting signal (MTS) of MRPL18 and within the same reading frame. It is likely that CUGinitiated translation produces a cytosolic isoform of MRPL18. However, the identical size of cytosolic MRPL18 (MRPL18(cyto)) and the MTS-cleaved mitochondrial MRPL18 (MRPL18(mito)) renders them indistinguishable by standard immunoblotting.
To experimentally confirm the alternative translation of MRPL18, we constructed a series of MRPL18 mutants bearing myc tags and examined their subcellular localization in HeLa cells. The wildtype MRPL18 was mostly localized in mitochondria, as revealed by immunofluorescence staining (Fig. 1b) . The vague cytoplasmic staining suggests that the CUG-initiated MRPL18(cyto) was not a major product under the normal growth condition. To show exclusively the CUG-initiated translation, we created a stop codon between the aTIS and the dTIS to prevent the synthesis of full-length MRPL18. This mutant, MRPL18(C14A), exhibited a clear localization in the cytosol and the nucleus (Fig. 1b) . We saw a similar pattern for MRPL18(ATG), a truncated version of MRPL18 lacking both the 5′ UTR and the MTS. In contrast, MRPL18(G72A), a mutant with the dTIS mutated to CTA, showed a predominant mitochondrial localization. Together, these results indicate that MRPL18 bears a hidden downstream CUG start codon whose initiation gives rise to a cytosolic isoform of MRPL18.
MRPL18 undergoes stress-induced alternative translation
Notably, the CUG-only MRPL18(C14A) had much lower expression levels than other transgenes ( Fig. 1b and Supplementary Fig. 1a) , a result suggesting that the downstream CUG initiator is less efficient than the authentic AUG start codon. Interestingly, Mrpl18 is a heat shock-responsive gene 16 , and a recent study indicated that MRPL18 is one of the direct targets of heat-shock transcription factor 1 (HSF1) 17 . Using a mouse fibroblast cell line lacking HSF1 (ref. 18 ), we confirmed the transcriptional upregulation of Mrpl18 upon heat shock (Supplementary Fig. 1b) . To investigate whether MRPL18 undergoes translational regulation in response to stress, we compared the abundance of transfected MRPL18 mutants in HeLa cells before and after heat shock. These transgenes maintained similar mRNA levels in response to heat shock (Supplementary Fig. 1c) , thus allowing direct evaluation of translational control. Immunoblotting showed two bands of transfected MRPL18, corresponding to the MRPL18 precursor and the MRPL18 species lacking the MTS (Fig. 2a, lane 3) . The transfected MRPL18 undergoes less efficient processing than the endogenous counterpart, presumably owing to reduced mitochondrial import because the transgene lacks the 3′ untranslated region (3′ UTR) of MRPL18 (ref. 19) . As expected, the imported exogenous MRPL18 incorporated into mitochondrial ribosomes, as evidenced by its cosedimentation with other mitoribosomal proteins ( Supplementary  Fig. 1d ). Upon heat-shock stress, the full-length wild-type MRPL18 (MRPL18(WT)) showed a modest increase, whereas we observed much less change for MRPL18(ATG), which lacks both the 5′ UTR and the MTS region (Fig. 2a, lanes 9 and 10) . Remarkably, the CUG-only MRPL18(C14A) exhibited the strongest responsiveness despite its low basal levels in cells without stress (Fig. 2a, lanes 7 and 8) .
To substantiate this finding further, we constructed reporters by replacing the main coding region of MRPL18 with firefly luciferase (Fluc). Consistently with the immunoblotting results of MRPL18 mutants, the chimeric C14A-Fluc exhibited the highest increase of Fluc expression in response to heat-shock stress (Fig. 2b) .
Having confirmed the stress-induced alternative translation of MRPL18 by using mutants, we next sought to determine whether MRPL18(WT) undergoes a translational switch from the authentic AUG to the downstream CUG in response to heat-shock stress. It is challenging to unequivocally monitor the newly synthesized MRPL18(cyto) because of the high basal levels of MRPL18(mito) present in cells before stress. To circumvent this limitation, we engineered a reversible destabilization domain (DD) by fusing it to the COOH terminus of MRPL18(WT) (Fig. 2c) . This system permits temporal examination of newly synthesized MRPL18-DD after addition of Shield-1, a cell-permeable drug that binds the DD to protect the protein from degradation 20 . HeLa cells transfected with plasmids expressing MRPL18-DD exhibited minimal anti-myc signals in the absence of Shield-1 (Supplementary Fig. 2a) . Treatment with Shield-1 stabilized MRPL18-DD, which had a clear mitochondrial localization (Fig. 2c and Supplementary Fig. 2b) . Remarkably, heat-shock stress before Shield-1 addition resulted in substantial anti-myc signals in the cytosol as well as the nucleus (Fig. 2c and Supplementary Fig. 2c ). This observation was not due to mitochondrion leakage, because the stress-induced Hsp60 remained exclusively in mitochondria after heat shock. This result confirms that heat-shock stress triggers CUG-mediated alternative translation within the wild-type sequence context of MRPL18.
MRPL18(cyto) is dependent on eIF2a phosphorylation
What is the mechanism underlying stress-induced alternative translation of MRPL18? We looked into eukaryotic initiation factor 2α (eIF2α), whose phosphorylation regulates ATF4, in a classical example of alternative translation triggered by many stress conditions [21] [22] [23] [24] . Consistently with a previous report 25 , heat-shock stress also triggered eIF2α phosphorylation (Supplementary Fig. 3a) . To address the role of eIF2α phosphorylation in the alternative translation of MRPL18, we transfected MRPL18-Fluc reporters into a mouse embryonic fibroblast (MEF) cell line bearing a nonphosphorylatable eIF2α in which a r t i c l e s npg a r t i c l e s Ser51 (S/S genotype) was mutated to an alanine (A/A genotype) 26 .
As expected, wild-type MEF (S/S) cells showed a similar pattern of Fluc expression as HeLa cells (Fig. 2d) . In particular, the CUG-only MRPL18(C14A) exhibited the highest increase of Fluc (more than four-fold) in response to heat-shock stress, whereas the expression level of the AUG-only MRPL18(G72A) remained unchanged. Remarkably, the stress responsiveness of MRPL18(C14A) was completely abolished in MEF (A/A) cells ( Fig. 2d and Supplementary  Fig. 3b ), thus indicating that the alternative translation of MRPL18 is dependent on eIF2α phosphorylation.
MRPL18(cyto) integrates into cytosolic 80S ribosomes
Given that the authentic role of MRPL18 is to constitute the ribosome complex within mitochondria, we speculated that MRPL18(cyto) may integrate into the cytosolic 80S ribosome complex under stress conditions. To test this hypothesis, we assessed the behavior of endogenous MRPL18 as well as transfected mutants in HeLa cells. We first purified cytosolic ribosome complexes with affinity immunoprecipitation (IP) in order to eliminate mitochondrial ribosome contamination. We also converted the polysomes into monosomes by RNase I digestion before IP to exclude indirect pulldown of RNA-binding proteins (Fig. 3a) . Endogenous MRPL18, but not other mitochondrial proteins, was readily precipitated from stressed cells by either anti-RPL4 or anti-RPS6 antibodies (Fig. 3a, lanes 2 and 6) . In addition, we recovered endogenous MRPL18 from the polysome fraction after heat-shock stress and found that this redistribution was sensitive to the translation inhibitor cycloheximide (CHX) (Supplementary Fig. 4) . Therefore, the cytosolic ribosome-associated MRPL18 is newly synthesized after 
We further confirmed the incorporation of MRPL18(cyto) into the 80S ribosome complex by using transfected MRPL18(ATG). Both cosedimentation binding analysis and anti-myc IP revealed a robust association of MRPL18(ATG) with cytosolic ribosomes in a stress-dependent manner (Fig. 3b, lane 8 and Fig. 3c, lane 6 ).
In contrast, the AUG-only MRPL18(G72A) did not coprecipitate with any cytosolic RPs before or after heat-shock stress (Fig. 3c) .
Phosphorylated MRPL18(cyto) integrates into 80S ribosomes
Interestingly, very little transfected MRPL18(ATG) was associated with the 80S ribosome in unstressed cells in spite of comparable expression levels. To investigate the mechanism of stress-induced incorporation, we examined the phosphorylation status of MRPL18 by using a Phos-tag acrylamide gel. An MRPL18 band with slower migration was clearly discernible upon heat-shock stress, and it was sensitive to phosphatase treatment (Fig. 4a) . Addition of the translation inhibitor CHX completely abolished this species, thus suggesting that newly synthesized MRPL18 is phosphorylated during stress. Importantly, we found the phosphorylated MRPL18 exclusively in the cytosolic fraction (Fig. 4b) , and we recovered only the phosphorylated species from the cytosolic 80S ribosome (Fig. 4c,d) . We next searched for the kinase responsible for MRPL18 phosphorylation. Interestingly, MRPL18 was predicted to be a substrate of the tyrosine protein kinase Lyn 27 . Indeed, both the Lyn-specific chemical inhibitor bafetinib (Fig. 5a ) and small hairpin RNA (shRNA)-mediated knockdown of Lyn (Fig. 5b) reduced the phosphorylation level of MRPL18. Notably, Lyn is a member of the Src family, whose kinase activity is increased upon heat-shock stress 28 . These results collectively indicate that both the production and function of MRPL18(cyto) are under tight control in response to stress.
MRPL18(cyto) promotes stress-protein synthesis during stress
The stress-inducible feature of MRPL18(cyto) is suggestive of its regulatory role in the cytosolic stress response. To elucidate its physiological function, we knocked down MRPL18 in HeLa cells with SMARTpool small interfering RNAs (siRNAs). Reduction in MRPL18 expression had minimal effects on cell growth and did not alter the rate of global protein synthesis (Supplementary Fig. 5a ). In addition, we observed minimal effects of MRPL18 depletion on mitochondrial translation after short-term siRNA knockdown or long-term lentivirusbased shRNA knockdown ( Supplementary Fig. 5b,c) . However, upon heat-shock treatment, the induction of Hsp70 expression in the cytosol was largely dampened in cells with MRPL18 knockdown compared to cells transfected with control siRNA (Fig. 6a) . To substantiate this finding further, we applied shRNA to HeLa cells and MEFs ( Fig. 6b and Supplementary Fig. 6 ). shRNA-mediated MRPL18 knockdown resulted in impaired Hsp70 induction in both cells after heat-shock stress. This result was not due to transcriptional deficiency of Hsp70 gene expression. In fact, MEFs with MRPL18 knockdown demonstrated even higher Hsp70 transcript levels than the control cells in response to heat-shock stress (Supplementary Fig. 6d ). 
npg a r t i c l e s
Given that the de novo synthesis of MRPL18(cyto) relies on alternative translation, we reasoned that suppressing CUG initiation would have a similar effect as MRPL18 knockdown. Indeed, stress-induced Hsp70 synthesis was substantially reduced in eIF2α (A/A) cells, whose eIF2α is not phosphorylatable (Fig. 6c) . Because the incorporation of MRPL18(cyto) into the 80S ribosome is phosphorylation dependent, we examined the effects of reduced Lyn kinase activities in the stress response. Treatment with the Lyn inhibitor bafetinib or Lyn knockdown dramatically suppressed Hsp70 induction after heat-shock stress (Fig. 5a,b) . The deficient Hsp70 synthesis is specific to MRPL18 because knocking down other mitochondrial ribosomal proteins did not influence the cytosolic stress response at all ( Supplementary  Fig. 7a,b) . These data collectively highlight MRPL18(cyto) as a critical mediator of the cytosolic stress response.
MRPL18(cyto) promotes ribosome engagement on stress mRNAs
The participation of MRPL18(cyto) in Hsp70 synthesis suggests that a specialized ribosome might be required for mRNA translation under stress conditions. MRPL18 is a homolog of cytoplasmic RPL5, according to sequence alignment. Much like RPL5, MRPL18 binds to 5S rRNA and is believed to import the 5S rRNA into mitochondria 29 . An in vitro RNA binding assay confirmed that 5S rRNA strongly associates with recombinant MRPL18(ATG) but not GFP ( Supplementary  Fig. 7d,e) . However, we found little evidence indicating that MRPL18 replaces RPL5 in binding to the 80S ribosome (Fig. 3) . In fact, RPL5 knockdown also reduced Hsp70 synthesis after heat-shock stress (Supplementary Fig. 7c) . Notably, MRPL18 does not seem to interact with separated 40S or 60S subunits (Supplementary Fig. 7f) . It is thus likely that MRPL18(cyto) serves as an extra RP in binding to the (1), which turns on genes including Mrpl18 and Hspa1a. In nonstressed cells, MRPL18 translation is initiated from the annotated AUG, generating MRPL18 containing a mitochondria localization signal (blue). In stressed cells, MRPL18 undergoes alternative translation from the downstream CUG start codon, which results in a cytoplasmic isoform of MRPL18 (red) (2). MRPL18(cyto) incorporates into the 80S ribosome complex, facilitating the engagement of mRNAs highly expressed under stress, such as Hspa1a (green) (3). The efficient synthesis of heat-shock proteins contributes to stress recovery. Original blot images are in Supplementary Data Set 1. 30 . This region is of particular importance because it nears the place where the ribosomal large and small subunits, the decoded mRNA and the peptidyl tRNA all come together. We postulate that the presence of an extra RP promotes 80S ribosome engagement on mRNAs during stress conditions. To test this hypothesis, we examined the distribution of Hsp70 mRNA in the polysome fractions of stressed MEF cells with or without MRPL18 knockdown (Fig. 6d) . With comparable total mRNA levels, the Hsp70 transcript showed much less enrichment in the polysomes of MEFs lacking MRPL18. In contrast, control β-actin mRNA exhibited only minor reduction in the polysomes of these cells, presumably because of the delayed stress recovery as a result of impaired Hsp70 synthesis. Indeed, MEFs lacking MRPL18 showed less polysome formation during stress recovery (Fig. 6d) .
MRPL18 is essential for induced thermotolerance
Because of the essential role of chaperone molecules in cell survival, we predict that cells lacking MRPL18 should have attenuated thermotolerance. Induced thermotolerance allows cells to survive a normally lethal temperature if they are first conditioned at a milder temperature. Without preconditioning, MEFs with or without MRPL18 knockdown were equally susceptible to severe heat stress at 45 °C for 1 h (Fig. 7a) . Preexposure at 43 °C for 30 min resulted in a nearly complete protection of control MEF cells from severe heat stress. However, we no longer observed the induced thermotolerance in MEFs with MRPL18 knockdown. As expected, the reduced cell viability in the absence of MRPL18 was largely due to increased apoptosis (Fig. 7b) . In agreement with the suppressed chaperone biosynthesis in cells lacking MRPL18, reintroduction of Hsp70 by recombinant adenoviruses completely restored the thermotolerance (Fig. 7c) . Given the broad range of chaperone function in cell physiology, it would be of much interest to investigate possible protective roles of MRPL18 against cellular stressors beyond heat shock.
DISCUSSION
Cells in nearly all living organisms respond to heat-shock stress by marked transcriptional alterations and rapid translational reprogramming 5 . Despite severe inhibition of the translation machinery under stress conditions, efficient synthesis of stress proteins persists by a mechanism that has not been completely understood. Here, we uncovered a molecular mechanism underlying the active translation of mRNAs highly expressed during stress. We show that heat-shock stress triggers a previously unrecognized alternative translation of MRPL18, which generates a cytoplasmic isoform of the mitochondrial ribosomal protein. Remarkably, the cytoplasmic version of MRPL18 incorporates into the 80S ribosome complex in a stress-dependent manner. The stress-induced formation of specialized ribosomes, together with the cap-independent translation initiation mechanism, ensures efficient translation of mRNAs under nonfavorable conditions (Fig. 7d) . Our results thus provide a new paradigm for translational regulation under stress conditions, which involves ribosome specialization after an initial alternative translation event.
A growing body of evidence has suggested that ribosome heterogeneity prevails across species, under different developmental stages and in various tissues 31, 32 . Variation in ribosome composition, in both rRNA and RPs, provides a regulatory mechanism to the translation machinery. A clear example is illustrated in Escherichia coli, in which the stress-induced endonuclease MazF cleaves the 16S rRNA and removes the anti-Shine-Dalgarno sequence 33 . The resultant 'stress ribosome' selectively translates the leaderless mRNAs, a group of transcripts also generated by MazF. In eukaryotes, certain RPs have been found to control transcript selectivity during translation. For example, RPL38 is required for translation of homeobox mRNAs 34 , whereas RPL40 appears to control translation of vesicular stomatitis virus mRNAs 35 . In this report, we discovered in mammalian cells an unusual mechanism that allows HSP mRNA translation to escape from the shutoff of global protein synthesis. Instead of altering the rRNA structure, the mammalian stress ribosome uses an extra RP that functions in mitochondria at basal state. MRPL18(cyto) incorporation may alter ribosome conformation and/or stabilize ribosome engagement on mRNAs that are highly expressed under stress conditions. Alternatively, the presence of MRPL18(cyto) may cause recruitment of additional factors facilitating initiation and elongation. In any case, stress-induced ribosome heterogeneity permits translational reprogramming without rebuilding the entire translational machinery.
Another interesting phenomenon revealed by our data is the functional connection between mitochondrial and cytoplasmic ribosomes. The 55S mitochondrial ribosome differs substantially from the 80S ribosome in eukaryotic cytoplasm and the 70S ribosome in prokaryotes. In mammalian cells, the mitochondrial ribosome complex has a higher content of protein than rRNA components 14, 36 . Although many MRPs are distinctive and evolving rapidly, MRPL18 has a close homolog in E. coli. Unlike many other RPs, MRPL18 has apparently evolved to become a stress-inducible gene in mammals. The possession of an alternative translation feature further renders MRPL18 a critical regulator of the stress response. We conclude that MRPL18 actively participates in stress adaptation by potentiating the cellular translation machinery to achieve a robust cytosolic stress response.
METHODS
Methods and any associated references are available in the online version of the paper. 
